ABSTRACT
INTRODUCTION
Large-scale studies have shown that water body size, productivity and geographic location all influence zooplankton richness and community composition in lakes (e.g. Fryer, 1985; Sömmer et al., 1986; Dodson, 1992a Dodson, , 1992b Hessen et al., 2006) . Island biogeography theory predicts a strong positive relationship between area and species richness, with larger habitats generally supporting a larger number of niches and increased immigration (MacArthur and Wilson, 1967) . Increased zooplankton richness and compositional change, therefore, are expected with an increasing lake area (Dodson, 1992a; Shaw and Kelso, 1992; O'Brien et al., 2004; Karatayev et al., 2005; Dodson et al., 2009; Tavernini et al., 2009) . Similarly, deeper water bodies support vertical segregation in a greater number of depth-related niches (Strøm, 1946) , with several authors reporting changes in zooplankton diversity and composition with lake depth (Green and Vascotto, 1978; Dodson, 1992a; Korhola, 1999; Korhola et al., 2000; O'Brien et al., 2004; Amsinck et al., 2006; Tavernini et al., 2009 ).
Changes in food resource availability associated with primary productivity also affect zooplankton species richness and community structure (Dodson, 1992a; Dodson et al., 2009) . Although the precise nature of these effects is debated, the generally accepted models are that richness and composition change unimodally (e.g. Dodson et al., 2000; Barnett and Beisner, 2007) or linearly with productivity (Chase and Ryberg, 2004; Hoffmann and Dodson, 2005) , depending on the scale of observation (Chase and Ryberg, 2004) and the metric used to measure productivity (Thackeray, 2007) .
In terrestrial habitats, geographic location is a further important determinant of species richness, with environmental predictability, increased solar energy, climatic variation and land area all expected to increase richness as latitude and/or altitude decrease (Gaston and Spicer, 2004) . These patterns are reflected among freshwater zooplankton (Hobaek et al., 2002; Shurin et al., 2007; Tavernini et al., 2009) . Community composition is highly dependent on geographic location (Shaw and Kelso, 1992; Dodson et al., 2009) tivity (e.g. Forbes and Chase, 2002) , with specialist species more likely to occur under more extreme climatic conditions (Halvorsen and Gullestad, 1976) . Whilst these large-scale studies provide a useful context for understanding influences on zooplankton species diversity among natural lakes on single continents, few studies have considered the extent to which zooplankton in artificial lakes follow the same trend. Dodson (1992a) considered the effect of lake size and depth on zooplankton species richness, but differences between artificial and natural lakes were not resolved. This lack of specific assessment is surprising, since artificial water bodies differ from natural water bodies not only in their age, but also hydrological regimes, morphometric character and degree of stability caused by human influence and management. All of these may be expected to influence pelagic zooplankton communities strongly.
Although it is difficult to predict accurately the ultimate biological character of new water bodies (Baxter and Glaude, 1980) , long-term fluctuations in zooplankton communities following a water body's construction have been documented (Holland and Jenkins, 1998; De Mérona et al., 2001) . Investigation into the potential differences in zooplankton communities between natural and artificial lakes could provide an important insight into ecosystem-wide variations, which in turn could inform management needs.
Here, we use meta-analysis (Osenberg et al., 1999) to make quantitative comparisons of well-studied lakes, using existing published data to obtain a global perspective of zooplankton communities in natural and artificial water bodies. Such analysis is useful in overcoming the challenges involved in collecting first-hand data from lakes over a wide geographical range and can increase statistical power by considering a larger number of lakes and studies, reducing the impact of any uncertainties associated with individual studies.
Our aim was to identify potential drivers of broadscale patterns in zooplankton community composition and richness among world lakes, and to assess whether artificial and natural water bodies support different zooplankton communities. Two hypotheses were tested. Firstly, that zooplankton taxon richness and community composition reflect water body morphometry. Specifically, characteristics related to lake size and geographical location are expected to predict taxon richness and community structure. Secondly, that artificial water bodies, such as man-made reservoirs and impoundments, exhibit different morphometric characteristics to naturally formed lakes. Natural and artificial lakes also differ in origins and management, and zooplankton taxon richness and community composition are also expected to differ.
METHODS

Data sources
This work was based on a literature search of studies on freshwater zooplankton in world lakes, reservoirs and ponds using the online database ISI Web of Science (http://wok.mimas.ac.uk) with the initial key words: zooplankton; species; freshwater; and either lake, pond or reservoir. Data were obtained from either the primary literature or associated supplementary material. Where possible, information was gathered for each water body on the number of pelagic crustacean zooplankton species; surface area (m 2 ); residence time (days); maximum and mean depth (m); conductivity (μS); primary production (mgCm -2 day -1 ); surface elevation (m above sea level); latitude (°N); longitude (°W); distance to the nearest standing water body, visible on a 1:250,000 scale map (km); and the number of lentic freshwater bodies in a 20 km radius. Any man-made water bodies were considered artificial. Other ecological factors, such as the presence or absence of fish and specific lake chemistry, are recognised as being important, but data were not available for all of the water bodies included in analysis.
Study selection
Data from natural and artificial water bodies, of various size, morphology and hydrological regime, from a range of latitudes and longitudes, were considered provided that zooplankton species lists were recorded over at least two years and in different seasons to minimise inter-annual and inter-seasonal variations in community composition (Dodson, 1992a) . Only pelagic zooplankton was considered in species lists, excluding all littoral and benthic species. This is consistent with an earlier study by Dodson (1992a) Since zooplankton species were identified by numerous researchers, lists of genera were used for community analysis in an attempt to reduce the impact of inconsistencies or local variations in taxonomy. The genus data took the form of presence-absence.
Statistical analysis
To examine correlates of community composition, data on zooplankton genera from studied water bodies were first ordinated using Detrended Correspondence Analysis (DCA), chosen because of the large number of zero values in presence-absence data, the unimodal nature of the data, and the need to generate ordination axes unconstrained by environmental variables (Speckman et al., Typically in ecological studies, multicollinearity occurs among potential explanatory variables making it difficult to partition the effects of single factors on species richness and community composition. To overcome this, general linear model analysis of covariance (ANCOVA) was used to determine whether zooplankton communities differed significantly between artificial and natural water bodies whilst controlling for variance in the data due to other correlates. Potential covariates were first identified from results of the regression analysis. Since ANCOVA assumes parallelism to ensure that the comparison of y values is independent of the x values, regression gradients of each were tested for parallelism and transformed where necessary (Riggs et al., 2008) . The ANCOVA models were constructed by first including all variables determined to be significant from individual linear regressions. Non-significant variables were then removed until the model included only significant variables.
To investigate zooplankton community composition further among different groups of water bodies, Two-way Indication Species Analysis (TWINSPAN) (Hill and Šmi-lauer, 2005) , using five equally cut levels, was carried out on percentage occurrence data in order to classify zooplankton genera into those that commonly co-occurred in the different water bodies. Zooplankton genus rank-occurrence plots were constructed using mean occurrence to account for differences in number of water bodies between groups, and chi-squared (χ 2 ) tests were carried out to test whether their distributions differed significantly from random among artificial and natural water bodies.
RESULTS
A total of 106 lakes, reservoirs and ponds was identified from the literature for which data existed on pelagic crustacean species richness. Data on 65 of these were obtained from Dodson's (1992a) study on north American lakes. Full species lists were available for 79 of the 106 water bodies and of these 79 water bodies, 11 were artificial. A full list is provided by Merrix (2009) .
Correlates of zooplankton species richness and composition
Interestingly, results differed for species richness and composition. As expected, species richness increased with increasing surface area, depth and number of lentic water bodies in a 20 km radius, but decreased with increasing distance to the nearest water body (Fig. 1) . Ordination using DCA showed that DCA axis 1 (DCA1) score decreased with increasing depth, elevation and primary productivity (Fig. 2 ), but increased with latitude and longitude, consistent with the low scores of the predominantly tropical Thermocyclops genus and high scores of Limnocalanus and Diaptomus, tolerant of low temperatures (Gurney, 1933a, b) . Other genera scoring highly on DCA1 included Heterocope, Chydorus and Eurytemora, with Eudiaptomus, Moina, Diaphanosoma, Arctodiaptomus and Tropocyclops having low scores. Detrended Correspondence Analysis axis 2 (DCA2) scores declined with depth and primary productivity (Fig. 3) , consistent with high scoring Moina species often reported in small ponds and puddles (Fig. 4b ). Detrended Correspondence Analysis axis 2 score increased with increasing isolation and conductivity, consistent with species of the low scoring Holopedium genus (Fig. 4b) , which includes species with a preference for soft waters (Scourfield and Harding, 1994) . Other high scoring genera on DCA2 included Arctodiaptomus, Eucyclops and Acanthocyclops, while low scoring taxa included Orthocyclops, Leptodiaptomus, Skistodiaptomus, Senecella and Epischura.
Two-way Indication Species Analysis identified four groups of water bodies, differing in physical and chemical characteristics (Fig. 5 ). Group 1 generally contained large, deep, tropical water bodies, while group 4 water bodies were smallest and most isolated. Groups 2 and 3 were made up of mainly intermediate sized water bodies and contrasted in primary production, with group 2 water bodies being more eutrophic than those in group 3 and supporting greater species richness (Fig. 6 ). In addition, zooplankton community composition, indicated by DCA axes scores, also differed between TWINSPAN groups (Fig. 6 ).
Natural vs artificial water bodies
General linear model ANCOVA revealed that the number of water bodies in a 20 km radius was a more important covariate of species richness than knowing whether a water body was artificial or natural, explaining 33.21% of the variance in species richness (Fig. 7) . Similarly, there was no difference in DCA axis 2 scores between artificial and natural water bodies. Conductivity was the only significant covariate, explaining 59.78% of the variance in DCA2. Conversely, DCA axis 1 scores differed significantly between artificial and natural water bodies when accounting for variance caused by differences in depth, primary productivity and longitude (Figs. 2 and 4a). Together, these variables explained 47.7% of the variation in DCA1.
Rank-occurrence plots revealed that several zooplankton taxa occurred relatively equitably among the four (Fig 8a) . Ceriodaphnia showed a particularly equitable occurrence among groups of water bodies, with a 26:27:25:22% split between TWINSPAN groups 1, 2, 3, and 4 and a 51:49% split between natural and artificial water bodies. Orthocyclops, Holopedium and Eucyclops showed similar patterns of occurrence between artificial and natural water bodies. However, some genera appeared to be more specialised. Thermocyclops occurred only in the tropical water bodies of group 1, whilst Leptodora, Skistodiaptomus, Orthocyclops, Senecella and Aglaodiaptomus were only recorded in the more productive group 2 water bodies. Heterocope only occurred in group 3 water bodies and Arctodiaptomus was present only in the smaller, more isolated water bodies of group 4 (Fig. 8b) . Limnocalanus, Senecella, Heterocope, Arctodiaptomus and Aglaodiaptomus appeared to be the most specialised genera among artificial and natural water bodies, occurring exclusively in natural lakes (Fig. 8c) . As well as these five genera, Leptodiaptomus, Chydorus, Cyclops, Acanthocyclops, Skistodiaptomus and Epischura species also had significantly higher occurrence in natural lakes, as revealed with χ 2 tests (Tab. 1). Conversely, Thermocyclops, Moina and Eudiaptomus species occurred significantly more often in artificial water bodies.
DISCUSSION
The aim of this meta-analysis was to identify potential influences on zooplankton community composition and richness among lakes around the world and assess whether artificial and natural water bodies support different zooplankton communities. There are very few studies comparing zooplankton community composition, particularly among inter-continental lakes over a range of latitudes, longitudes and altitudes simultaneously. A major problem encountered in undertaking such analysis is the risk of inconsistencies in the taxonomic identification of zooplankton species. In the present study, the slight reduction in resolution incurred when grouping zooplankton by genera was considered an appropriate trade-off to account for these inconsistencies.
Two hypotheses were tested. Firstly that broad-scale patterns in richness and composition will be related to gradients in lake morphometry, productivity and location. Secondly, when accounting for these drivers, there will be a discernible difference in richness and composition between natural and artificial waterbodies. The first hypothesis was supported, with several variables correlating with both richness and composition. This did not lead to differences in species richness between water body types, but as expected community composition, quantified using DCA axes scores, differed between artificial and natural water bodies after accounting for depth, productivity, longitude or conductivity.
Correlates of zooplankton species richness and composition
Previous studies have shown that factors related to water body size and geographic location are important influences on zooplankton species richness and community composition (Tab. 2). Central to these postulated effects is the theory of island biogeography and the importance of habitat size, dispersal and species interactions in shaping lentic zooplankton communities (Hobaek et al., 2002) . In the present study, and in agreement with Dodson (1992a) , the number of water bodies in a 20 km radius was found to be a significant predictor of zooplankton species richness (Fig. 1 ). This agreement is unsurprising, since a large number of the water bodies for which this information was available were included in Dodson's (1992a) study and is probably due the increased likelihood of immigration from regional source populations. More interesting in the present context is how the natural or artificial nature of water bodies affected richness or community composition (see below).
Among the water bodies studied, zooplankton community composition was linked with water body depth, productivity and conductivity, in concurrence with previous studies (Tab. 2). It is generally accepted that deeper lakes support a larger number of vertical niches, allowing greater niche separation of competing species (Strøm, 1946) . Dodson et al. (2009) documented a shift in community composition from small to large zooplankton species with increasing productivity and conductivity of temperate lakes in Northern Wisconsin (USA). The unimodal productivityzooplankton diversity model (e.g. Dodson et al., 2000; Barnett and Beisner, 2007) suggests that there is an optimum productivity at which zooplankton communities are most diverse. Above this, changes in phytoplankton composition associated with eutrophication lead to the development of zooplankton communities better adapted for dominance by blue-green algae species (Richman and Dodson, 1983; Smith, 1983; Gliwicz and Lampert, 1990; Watson et al., 1997) . The present study revealed no such relationship with species richness but a linear relationship was apparent between productivity and community composition represented by DCA axes (Figs. 2 and 3) .
Whilst zooplankton species richness was correlated with water body surface area, surprisingly there appeared to be no effect on community composition. Even more surprisingly, when controlling for covariates, surface area did not significantly explain any variation in species richness (Fig. 7) . This result is in contrast with numerous other studies, which have identified positive relationships between surface area and both richness and composition (Tab. 2). Furthermore, it is in contrast to the predictions of the island biogeography theory that as area increases, there is a higher probability of immigration and a larger number of available niches allowing more species to coexist (MacArthur and Wilson, 1967) . In a study of Norwegian lakes, however, Hessen et al. (2006) also found that water body size had no significant positive effect on zooplankton species richness and in fact showed a weakly negative relationship. Instead, these authors found intrinsic factors such as primary productivity, linked with zooplankton community composition in the present study, and fish community structure were most important, exerting bottom-up and top-down control of the zooplankton community, respectively. Rank occurrence data revealed that among the water bodies studied, the genus Ceriodaphnia showed a cosmopolitan distribution among TWINSPAN groups of water bodies, characteristic of generalist taxa. This suggests that Ceriodaphnia species are found in a range of water bodies of different sizes, depths, climates and degrees of isolation. Conversely, a number of genera appeared to be specialists, each occurring in only one TWINSPAN group. Thermocyclops was only recorded in the tropical water bodies of group 1; Leptodora, Skistodiaptomus, Orthocyclops, Senecella and Aglaodiaptomus only in the more productive water bodies of group 2; Heterocope only in group 3; and Arctodiaptomus only in the more isolated water bodies of group 4. Analysis of covariance revealed that longitude was linked with zooplankton community composition regardless of whether the water bodies were artificial or naturally formed. While this may be an artefact of the larger representation of north American lakes in the study, among which Dodson (1992a) reported that changes in species richness were independent of longitude, there are very few studies that have investigated inter-continental longitudinal gradients in zooplankton communities.
Zooplankton community composition, represented by the first DCA ordination axis, differed between artificial and natural water bodies, as well as with within-lake characteristics depth, primary productivity and longitude. Artificial water bodies are geologically very young, compared with natural lakes formed over thousands of years. Whilst this difference in age may be expected to produce markedly different zooplankton communities, there is no evidence of this being the case. Dodson et al. (2006) , for example, found that water body age had no effect on zooplankton species richness in a study of lakes between 3 and 9500 years old. How rapidly zooplankton communities become established in a water body is unknown and there are few studies investigating the acquisition of zooplankton communities in artificial water bodies. Zooplankton communities, however, may never reach equilibrium due to regular small-scale disturbances (Matsumura-Tundisi and Tundisi, 2002; Scheffer et al., 2003) , suggesting that only a short time following initial colonisation, there may be no discernible impact of water body age.
The nature of water body construction, often for the provision of human services or amenity, commonly necessitates maintenance of good water quality in artificial water bodies. Management practices such as artificial destratification and biomanipulation of fish communities are often employed to reduce the undesirable impacts of eutrophication, such as cyanobacterial blooms, reduced oxygen concentration and increased turbidity (Cowell et al., 1987; Hawkins and Griffiths, 1993; Lewis et al., 2003; Antenucci et al., 2005; Becker et al., 2006; Burford and O'Donohue, 2006) . Changes in zooplankton composition from large to small bodied cladocera have been observed during aeration (e.g. Cowell et al., 1987) , but there are few other studies documenting the effect of this remediation method on zooplankton communities. Biomanipulation relies on the alteration of zooplankton community structure for the control of algae. Such management practices are a probable cause of variation in zooplankton communities between artificial and natural water bodies (e.g. Brooks and Dodson, 1965; Cowell et al., 1987; Hessen et al., 1995; Shurin, 2001; Shurin and Allen, 2001 ) and therefore likely to produce the observed differences in the present study.
The variance in DCA axis 1 explained by productivity, depth, longitude and water body type was a relatively modest 47.7%. This suggests the importance of some unmeasured factors or stochasticity in structuring zooplank- Fig. 6 . Groups identified using TWINSPAN of 79 well-studied world lakes, with variations in zooplankton community composition, represented by DCA axes, and species richness, identified using ANOVA. MS, mean sum of squares; F, test value with associated degrees of freedom. ton communities among the studied water bodies and could represent differences in sampling methods between water bodies. Similarly, the variance explained in species richness by significant factors was only 33.2%. Previous studies have shown biotic interactions such as predation, competition and dispersal to be important drivers of zooplankton community structure (Hobaek et al., 2002) , none of which could be quantified in the present study. The importance of fish predation in structuring zooplankton communities was examined by Brooks and Dodson (1965) , who proposed the Size Efficiency Hypothesis to explain the mechanism behind observed changes to zooplankton communities under different predation regimes. This hypothesis states that when free of predation pressure, larger herbivorous zooplankton will dominate, due to the competitive advantage of being able to more efficiently exploit fine particulate matter. Conversely, under intense predation by planktivorous fish, larger bodied zooplankton are selected against, allowing smaller species to dominate, whilst under moderate predation, populations of larger zooplankton are low enough to allow the co-existence of large and small species. Various studies since have corroborated this hypothesis at least qualitatively (e.g. Hessen et al., 1995; Shurin, 2001; Shurin and Allen, 2001; Vakkilainen et al., 2004; Hülsmann et al., 2005) with Shurin (2001) highlighting the importance of a diverse regional species pool in determining the impact of predation on zooplankton communities. In potential agreement with this, the present study showed that proximity to other water bodies -potential sources of immigrant taxa -was linked with zooplankton species richness. The occurrences of Ceriodaphnia, Orthocyclops, Holopedium and Eucyclops species were relatively equitable among natural and artificial water bodies, suggesting that these are tolerant of the range of conditions responsible for variation in zooplankton communities between the two types of water body. However, among the water bodies included in the present analysis, five genera were only observed in natural water bodies: Limnocalanus, Senecella, Heterocope, Arctodiaptomus and Aglaodiaptomus. Information on the ecological preferences of these genera is limited due to species-specific variations. However, Heterocope, Limnocalanus and Senecella, along Fig. 7 . Results of ANCOVA testing the hypothesis that zooplankton species richness and community composition differ between artificial and natural water bodies, whilst controlling for variation due to significant covariates. Only significant covariates were included in models. **covariate P values are significant at ≤0.01; *P values are significant at ≤0.05. Labels used are: MS, i.e. mean sum of squares, and F, i.e. test value with associated degrees of freedom.
Tab. 2.
Putative drivers of zooplankton species richness and community composition identified from previous large-scale studies of zooplankton in freshwater lakes.
Driver
Species richness Community composition Conductivity Dodson et al., 2009 Present study Depth Dodson, 1992a Green and Vascotto, 1978 O'Brien et al., 2004 Korhola, 1999 Tavernini et al., 2009 Korhola et al., 2000 Present study Amsinck et al., 2006 Present study Productivity Dodson, 1992a Dodson et al., 2009 Present study Geographic location Dodson, 1992a Shaw and Kelso, 1992 Present study Dodson et al., 2009 Present study Surface area Dodson, 1992a Shaw and Kelso, 1992 O'Brien et al., 2004 Dodson et al., 2009 Karatayev et al., 2005 Tavernini et al., 2009 Dodson et al., 2009 Present study with Leptodiaptomus, which occurred significantly more often in natural water bodies, all contain at least some species which show a preference for deep water (Tab. 3), consistent with relatively low scores of each on at least one of the DCA axes. Acanthocyclops and Cyclops also occurred more frequently in natural water bodies and are relatively cool water species (Tab. 3). Conversely, species of the genus Thermocyclops, which occurred more often in artificial water bodies, tend to show a tolerance to a range of water temperatures, with some exclusively warm water species. Although the representation of artificial lakes was limited, these observations could suggest that the natural lakes in this study provided conditions favourable to deeper and cooler water species. This would be consistent with the use of artificial mixing in artificial water bodies, which destratifies the water column, likely removing deep, cool refugia. In contrast to natural water bodies, none of the genera occurred exclusively in artificial water bodies. In other words, while all taxa found in artificial water bodies are also found in natural lakes, the opposite is not true, suggesting that certain niches are lacking in the artificial lakes tested. These results should be considered with caution and require further investigation due to the limited representation of artificial water bodies in the present metaanalysis, but could suggest that management practices in artificial water bodies reduce the number of specific niches available for more specialist taxa. 
CONCLUSIONS
In the present study we came to the conclusion that, while there was an effect of longitude on zooplankton community composition among the water bodies studied here, there also appeared to be differences in the scale at which the processes linked with changes in species richness and composition acted. Proximity to a larger number of lakes was found to be important in maintaining species richness, likely through increased immigration from regional source populations. Community composition however, was linked with intrinsic factors such as depth, productivity and conductivity, acting at the local scale, and depending on whether a water body was man-made or naturally formed. These results are among the first to suggest that zooplankton communities in artificial water bodies may be structured significantly differently from those in naturally formed lakes. Intrinsic local factors appear to create conditions favourable to more specialist taxa in natural water bodies. Whether these observations are the result of variations in bottom-up or top-down influences between artificial and natural lakes is unknown and undoubtedly complex to determine. Nevertheless, they highlight the potential for variations at higher trophic levels, as well as bottom-up effects such as water chemistry, that require future investigation. 
